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Introduction
Due to political reasons initially linked to the rarefaction of new landfills, the European Commission set up directive to manage the end of life of post consumer products (Directive 2000/53/EC) . The particularity of this directive is continuous support for recycling. Thanks to this orientation concerning waste management, a real policy of raw resource management based on the recycling of end-of-life products has been defined.
Apart from the inevitable shortage in the long term of certain raw materials, major phenomena linked to the economic context such as the rapid development of certain countries such as India and China have caused an increase in raw material demand and a relative shortage of oil but also of copper and special and rare metals.
End-of-life products are a secondary source of materials for all countries with high growth or countries, such as in Europe, with few mining resources, and have thus become a strategic economic stake for material producers.
End-of-life products can be considered as a new resource with a high energy content. However, it is generally difficult to recycle these materials because of their association with other materials which are incompatible with each other. Therefore, it is necessary to study disassembly, automated sorting and compatibility methods and to design goods in view of the constraints of the recycling industry. An end-of-life product such as an end-of-life vehicle represents more than a simple ore since it is the result of metallurgical, chemical and plastics transforming processes that created high added value. To produce vehicles from recycled material requires less energy than from virgin materials (see Fig. 1 ) (Weiss et al., 2000) .
The automotive manufacturer Renault, who commissioned this research project, has directed its recycling strategy towards the use of recycled materials by introducing an increasing quantity of such materials in its cars over the past ten years. By creating demand in the market for recycled materials, Renault enhances the creation of the offer. This will facilitate the emergence of an increasingly industrial and technologically advanced recycling chain and the availability of high quality recycled materials which can be used for a larger number of automotive applications.
This approach was finalized by working on vehicle design for recycling, in particular on the subjects of plastic material diversity and the profits linked with polypropylene. This process of continuous improvement (see Fig. 2 ) set up by Renault and its recycling suppliers has lead to an increase in the use of recycled materials in technical products.
However, this successful strategy has reached its limits. The quantity of recycled plastic materials on the market is no longer sufficient to satisfy the needs of the automotive industry. For example, Renault estimates that its own need of recycled polypropylene is about 100,000 tons per year, whereas the current supply in Europe corresponding to the specifications of all the automakers does not exceed 180,000 tons per year.
This gap is due to:
-The differences between the polypropylene composition from a vehicle which was just produced and that of an end-of-life vehicle produced 15.4 years ago on average in France. -The gap between the complexity of current end-of-life products and available sorting and recycling techniques.
Currently, it has been estimated that only 3% or 4% of the plastics contained in end-of-life vehicles are really recycled. The design for recycling of plastic equipment is not in phase with the technical realities of sorting and recycling processes.
In order to continue the development of this industry, it is necessary to focus on the following objectives: -To develop advanced sorting techniques to deal with complex associations of different plastics, adhesives and plastic or metallic inserts. This is the case of bumpers, panel instruments, seats, door panels, and parts under the engine. -To define design rules in adequacy with the technological limits of the sorting processes existing in the recycling industry.
Objectives
There are already several studies dealing with the modelling of recycling process limits (Froelich, 2000; Mathieux et al., 2001a,b; Reuter et al., 2006) , with disassembly methods (Ferrao and Amaral, 2006; Haoues et al., 2004) and with the Life Cycle Analysis and the consequences on the design stage (Mathieux et al., 2006) .
The originality of our approach consists in creating a tool based on recycling process performances which makes it possible to choose materials by integrating the separation ability of the current recycling routes, the compatibility of mixed plastics association and the quality of the secondary material product. Data on the performances of existing sorting and recycling routes was collected and analysed in order to define the minimum requirements to take into account in the first stage of plastic part design for a new car project.
This study essentially concerns polypropylene due to its use in several applications in the vehicle industry and other industries. Moreover, its presence is important in massive parts such as bumpers, instrument panels, interior trim, wheel passage, tanks, etc. This method can be also developed for other polymer matrixes.
The first objective of this study was to define a typology of polypropylene parts produced by the automotive industry in terms of material associations, assembly and coating.
The second objective was to draw up a summary of automated sorting process performances at the industrial and laboratory levels based on a survey and to determine the limits of automated sorting and material recycling for the car parts defined previously.
The third objective was to acquire basic knowledge concerning the compatibility of polypropylene with the presence of polymer impurities. This compatibility was translated by taking as criteria the losses of mechanical properties and the aspect of recycled materials with impurities, the conditions of recycling being those of an effective recycler (C2P, GP). This definition of the compatibility related to the process of recycling is thus separated from the concept of chemical compatibility close to the thermodynamics approach. A bibliographical study coupled with laboratory tests made it possible to draw up a first specification sheet (or requirement) for plastic compatibility.
The fourth objective was to define design constraints in view of recycling. The final result was the development of a tool for plastic part design.
The geographic area of this study was Europe plus the United States. Nearly 300 recyclers were contacted in 2002 (updated in 2004) for an exploratory survey 43 gave reliable data and 9 companies -the most interesting ones for the recycling of PP -were then visited for a detailed investigation.
Definition of the typology of a polypropylene automotive part
In order to determine the limits of recycling, a part typology was defined from the different designs of polypropylene automotive parts. It included most of the possibilities of contaminants, coatings and assemblies found in automotive applications such as the bumper, console, dashboard, door panel, fender, front seat, fuel tank, hatch panel, radiator grille, rear floor, rear light, side protection.
The following figure ( Fig. 3 ) resumes all the main typologies that can be taken into account.
The numbers in Fig. 3 correspond to the following typology:
Number 1: the part is made of PP, the main polymer. The contaminant can be: Number 2: a coating of paint, film, different kinds of skin, foam, carpet, joint, chromium plating, aluminium plating and glue.
Development of recycling channel
Improvement of recycled material performances and availability Design for recycling: -Optimize the ability of parts to be recycled -Use of post consumer recycled materials
Development of high-tech recycling processes for end of life products This typical part was attached to a questionnaire to illustrate the different types of parts; recyclers will have to recycle them in the near future to reach the objectives of the European directive.
Methodology of investigation and assessment of recycling network performances
An investigation was conducted in Europe and the US in order to identify producers of recycled PP, sorting technologies used by recycling companies, and the performance and limits of processes, in order to define design rules.
Methodology of investigation
In a first phase, an exploratory questionnaire was sent to 293 companies and in a second phase a detailed questionnaire was filled out with the selected companies. From the exploratory questionnaire, 43 answers were reliable; this gave a profile of recycling companies.
Then nine companies working specifically on PP sorting were visited to answer a detailed questionnaire. From this questionnaire, data on performance of automated sorting process was collected. Performance determines the recycling limits for the typical car part defined previously and defines design rules.
Current technological know-how of European recyclers
As shown in the previous figure ( Fig. 3) , an automobile part is a complex mixture of materials and coatings which have to be separated before recycling.
Recycling activities have some similarities with mining activities:
-Mixtures are complex. The valuable material has to be extracted from the residue. -The profitability of plastic can be achieved only with mass production due to the relatively low cost of virgin polypropylene. -Low-cost sorting processes are required.
This explains why most of the technologies for waste sorting, especially for plastics, are derived from proved mining technologies, and why European mining companies have integrated waste recycling activities, for instance Metal Europe in France and Kali und Salz in Germany.
Recycling industries are quite similar to mining activities. For example mixtures are complex, but it should be realised that the ores from post-consumer products are much more complex than traditional mineral ores. However, the differences make the understanding and performance of consumer recycling processes even more difficult complex than in the case of mineral processes (Reuter et al., 2005) .
In Europe, recyclers' technologies mainly include:
-Shredding and grinding for material liberation.
-Mass gravimetric separation (heavy medium, flotation).
-Aerodynamic separation.
-Electrostatic or triboelectric separation.
-Eddy current.
-Magnetic separation.
Certain specific sorting technologies have been developed for plastics such as optical automated sorters and chemical dissolution.
The optical sorter technologies are used mostly for plastic waste from bottles (and the food sector) and are essential to detect different colours with colour sorters, or different plastic grades with near infrared spectrometry. However, today it is still impossible to discriminate different families of black plastics with automated infrared sorters, yet they are the main plastics in car parts.
Chemical dissolution technologies are not cost-effective for commodity polymers but are sometimes the only solution for the liberation of different coatings associated with polypropylene, such as paint or skin. Fig. 4 shows the technologies used by the recyclers who were contacted. The data come from the reliable answers to an exploratory questionnaire sent back by 43 European companies out of a total number of 293 companies.
The reliability of the answers was first determined by checking the information through phone contacts or company visits, and the information was also compared with databases on company activities such as Kompass. Secondly only completely filled questionnaires were considered reliable.
It was noted that a large amount of recyclers use sorting technologies. The reason is quite clear: easy-to-recycle sources of plastics from waste are now treated and recyclers are looking for more complex sources of material such as part production waste or end-of-life parts from vehicle dismantling or from garages (generally batteries, bumpers, interior trim) or waste flows from packaging.
Some recyclers are now extracting a few families of plastics from automotive or electronic shredder residues.
In this case they have developed sophisticated process chains in order to liberate the different materials of a part and recycle them.
Example for bumper recycling:
In the survey, bumper recycling processes are a representative example of technologies used for the recycling of end-of-life plastic parts. In Europe, bumpers are mainly made of polypropylene but contain metal inserts (Iron, Aluminium) which can damage the cutter, PVC, SMC or PE which are not compatible with PP and must be sorted, and paint, which must be removed, in order to recycle the materials with a high value. Recyclers have developed the following process steps (see Fig. 5 ).
Depending on the recycler's technology, shock absorbers made of PE and SMC have to be hand sorted because these materials are not chemically compatible with PP. This manual removal of these contaminants must be considered as a technological and economical limit of the process, to be taken into account in the design of new bumpers to enhance recycling.
Typology of companies
In order to answer the question of how to increase plastics production, links were made between the size and the sorting activities of companies. Many small companies with a production capacity below 10,000 tons per month are generally situated close to the area of plastic waste production. They are ready to develop sorting processes to improve quality but today they are not paid enough for quality products and the Asian market is much more attractive.
The main activity of larger companies with a production of over 10,000 tons per month is the production of granulates. To sell good quality granulates, these companies need to firstly improve their knowledge of polymer chemistryfor example the compatibility of two grades of polyolefin is not obvious, due to their difference in viscosity -and secondly to secure, in time and quality, their incoming plastic supply.
Among the sample of our surveys, two countries have very similar features, Germany and the Netherlands (see Table 1 ). In these countries entire companies sell granulates and seventy percent have a production over 10,000 tons. Around 50% of these companies with a production over 10,000 tons per year use at least one sorting process. But for companies with a production below 10,000 tons, the profile of the sample is quite different and depends on the country. In the UK, most companies produce <10,000 tons per year. The context of the country is also a parameter to take into account to improve the quality and cost effectiveness of plastics recycling. Because most of the European recycling companies are small and medium-sized companies with a production of around 10,000 tons per year of recycled plastics from production scrap and from pre-sorted end-of-life plastic parts, these companies are generally too small to guarantee material quantity and quality to automotive producers. They are generally limited to supplying secondary applications which do not require technical grades.
For a mature industrial sector in the future, recycling activities may be managed by three other kinds of companies in order to respond to manufacturers' demand:
• Plastic producers Virgin plastic producers have a strong political and economical interest in properly managing the outcome of end-of-life plastics. Recycling could be an extension of their plastic material supply activity. They are experts in plastic chemistry and have launched research programmes and patents to produce high quality recycled plastics.However, they are not able to control the endof-life plastic flows and have not developed the technology to sort and extract the selected plastic they are interested in, with a level of purity allowing it to be used as a raw material in a profitable way. A few European plastic companies working in recycling have limited their activity to the recycling of their own production scrap or that of their customer.
• Plastic transformers
Plastic transformers could find it advantageous to become recycling operators. They have excellent knowhow in plastic transformation and compounding which can be relevant for plastic recycling. From a political point of view, they also have a shared responsibility in the outcome of their parts. The application of the European directive could be an opportunity to reduce their production costs through the use of recycled plastics. However, they also have no control over end-of-life plastic flows.
• Large waste collectors
Large waste collection companies in charge of packaging collection and recycling, product dismantling and shredding generally manage a large amount of plastic waste. On one hand, landfill and incineration are becoming limited and expensive. On the other hand, the market no longer meets the manufacturers' demand and the value of plastic waste is increasing. In this case, the market for recycled material could be driven by the availability of plastic waste, which gives waste companies an opportunity to play an important role in the recycling business.
Limits of the sorting processes of the existing European operators
In order to protect the know-how of the recyclers, the questionnaire was focused on material sorting efficiency. The result did not provide an accurate vision of how the mixture is sorted, but focused on the sorting efficiency of the chain used to treat and sort the material of the typical part.
From the information received from all the recycling companies concerning their ability to sort contaminants, presented by part typology (see Fig. 3 ) in a questionnaire, a classification was made with four levels in the following table (see Table 2 ); The results were integrated into a specification sheet for polypropylene (see Table 3 ).
Compatibility regarding recycling: management of impurities
Due to the fact that sorting processes do not have a 100% sorting efficiency, their performances are evaluated by a refusal rate (non recovery) and a rate of impurities included in the final material. This impurity rate is prejudicial to the quality. It is then necessary to study the compatibility of the main material with the impurities present.
The compatibility of polypropylene with one kind of impurity is evaluated by three levels of outlets, noble, cascade and low grade, depending on the loss of properties.
Compatibility from a recycling point of view
Two different polymers, whose mixture constitutes a material with satisfactory properties, with respect to the values in Table 4 , are described as compatible with outlets or applications.
There are two main causes for the loss of properties of binary mixed plastics:
• Chemical incompatibility: the material resulting from the plasticization of two polymers has physical properties inferior to those of one of its components.
• An incompatibility associated with the plastics' processing, particularly their processing temperature. For binary mixtures, the highest processing temperature of the two polymers is chosen, but it can damage the polymer with the lower processing temperature, leading to a low grade quality of the mixture.
5.1.1. Definition of criteria to determine recommendations in terms of compatibility Table 4 was elaborated in order to define ''noble, cascade and low grade'' notions. These notions depend on criteria concerning the property losses of three polymers (PP, PP-10% filled, and PP copo) in the presence of impurities. The properties considered are tensile strength, tensile strain, tensile modulus, flexural modulus, melt flow index, izod impact at 23°C and À18°C, and aspect.
Binary mixtures were considered.
Data sources for specifications concerning plastics compatibility
The data concerning compatibility come from bibliographical sources, contacts with chemists and recyclers, and laboratory tests performed by Chiarilli (ChiarilliSabin, 1996) and ENSAM.
To draw up a summary specification table on plastics compatibility, different types of data were gathered:
• Processing conditions during extrusion.
• Choice of extrusion temperature.
• Type of mechanical properties considered.
For the Bayer table (Bayer, 2000) and the other chemists, It was not possible to determine the first and the third data. The extrusion temperature of a binary mixture is that of the polymer which has the highest temperature. The effect on properties is miscibility or not.
For recycling companies the extrusion temperature is that of the polymer present in the highest quantities. In this case the polymer impurity affects the main polymer in another way. Its action is closer to that of a filler if the extrusion temperature is below that of the impurity, and degradation of the polymer impurity can occur if it is the opposite.
Concerning the tests performed by Renault (ChiarilliSabin, 1996) , the conditions are well known and the extrusion temperature chosen is the same one as for the chemists.
However, the extrusion temperature chosen for the ENSAM tests was the one adopted by two recycling companies, i.e. the temperature of the main material.
In a first phase, it appeared that data concerning polymer compatibility exist for PP, but these data are at the same time divergent for certain mixtures of polymers and (Chrysler, Ford, etc.) were also observed. Exact quantitative data concerning several minor materials when mixed together was not known; this was the case for compatible expanded materials, paints, chromium materials (such as logos made of chromium plated ABS), thermoplastics containing natural fibres and TPO.
Compatibility tests were performed by a polypropylene recycler in order to procure certain information that was still lacking after the bibliographical search and contacts with chemists and recycling companies.
Results: specification table for PP in terms of compatibility
The following table (Table 5 ) presents specifications for PP part design according to the definition of compatibility from the recycling standpoint presented previously. Depending on the rate and the type of polymer impurity, three outlets are possible for recycled PP from car parts: noble, cascade or degraded. This table integrated the limits of recycling processes.
Summary of sorting and compatibility constraints
Out of the companies visited, nine of them sorted PP. This material is easily recyclable in comparison with other plastics.
Four kinds of materials associated with PP are problematic at an industrial sorting level:
Moreover, problems of chemical compatibility were observed (particularly LDPE, PUR and PVC coatings) or problems with processing plastics, such as expanded PP for example, when these materials are not well extracted from the PP.
The result summary shows that an impurity rate in polypropylene >3% leads to outlets with degraded functions, i.e. one of the PP properties was reduced by about 20%. In order to have noble outlets, i.e. with a property loss <5%, the impurity rate during the sorting process must be <3%. The compatibility additives represent an extra cost for recyclers and are generally not used, aside from antioxidants.
Feedback to design

Renault's tool for designers
Renault translated and simplified the information contained in specification tables for sorting process limits and material compatibilities (Tables 3 and 5 ) into a guide for their designers. An example of a specification sheet for car designers is presented in the following figure  (Fig. 6 ).
Case study
Case study of a Renault bumper which was designed in order to integrate recycling constraints:
Front bumper, total mass = 6.81 kg (see Table 6 ).
• Main materials: main materials mass, M = 6.3 kg which represents 92% of the total mass. -PP, P/E. -PP 10% filled.
• Minor materials:
-Expanded PP (3%).
-PP 28% TD filled (1.3%).
-Chromium plated ABS (0.2%).
Materials can be chosen by considering the data of the design-for-recycling specification sheet. An example of a specification sheet for Renault is presented in the next figure (Fig. 6 ). An assessment of a car part is presented in the following table (see Table 6 ).
The polypropylene bumper shield represents the main material and can be accepted in a recycling chain using automated sorting processes, but it is necessary to dismantle the fog lamps. The other parts associated with the shield that cannot be sorted at an industrial level, such as PP 10% talc filler, are perfectly compatible because the properties of the main material are preserved. The outlets are noble.
It is impossible to extract the expanded polypropylene shock absorber from the main material and there is no data about compatibility regarding industrial recycling (i.e. chemical and processing issues). Recent tests were performed on the chemical and processing compatibility of expanded PP that indicate that it is compatible chemically and at the level of its processing with PP when it does not exceed a rate of 3%.
Logos made of chromium-plated ABS can be easily sorted out with industrial processes.
Ferrous metal rivets of weak sections are accepted in the recycling chain because they can be sorted out during the milling stage.
Conclusion
The results of the study indicate that automated sorting techniques come essentially from the techniques used in mines such as gravity separation, water or air classifiers, electrostatic sorting, differential crushing, flotation with foam, etc. These techniques are cost-effective and still in development to improve liberation rates, outputs, and the purity rate of end-of-life recycled products. However, more specific techniques concerning polymer properties are not well developed, particularly the technique related to the concentration of plastic fractions included in a product as well as the technique concerning plastics sorting.
It is clear that the existing technologies are not able to ensure the recycling of all the plastic materials of a vehicle and ensure the best value for these recycled materials.
Therefore, to implement the European directive, automotive designers must integrate rules for the development of plastics in compliance with the limits of the present recycling technologies.
Renault set up this first version of the design tool based on the survey of European recyclers' technologies. This tool was used by Renault and its suppliers for the latest generation of vehicle, which will make the recycling of these vehicles more realistic within fifteen years. Table 6 Case study: bumper of a Renault vehicle Designation
Parts in main material
Parts in minor materials combined to main material 
